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SOME EXPERIMENTS IN THE STORAGE OF 
COAL. 
By E,. A. :H'r~ssENDEN and J . R. WHARTON. 
The question of the best means for storing. coal 
is one which is constantly increasing in importance. 
The rapid growth and extension of all forms of indus-
try dependent upon power production make it impera-
tive that means be provided for storing fuel in suffi-
cient qnantities to maintain large establishments for a 
considerable time independent of outside supply. Thi,s 
is rendered necessary by two well known faults in 
our industrial organization; first, the unsatisfactory 
labor conditions which make it necessary that coal 
mines be idle and non-productive at more or less regu-
larly recurring periods 0£ from a few days to several 
weeks duration; and second, the inability or disin-
clination of railroads to furnish adequate transporta-
tion facilities for delivering coal at a regular rate so 
that only a small emergency supply need be main-
tained. 
The universal use of steam as the source of power 
for all forms of transportation has made the estab~ 
lishment of coaling stations necessary. In the' case 
of railroads the amount of coal which must be kept 
in storage may be relatively small, especially in the 
neighborhood of coal mining districts. Marine traffic, 
however, demands that coaling stations have very 
large capacity, and the question of storing the coal 
after it is on board a ship is by no means small, espec-
ially in the case of very large, high powered vessels. 
As a result of the conditions mentioned above,• 
there have been built and maintained many coal stor-
age plants of capacities varying from 20000 or 30000 
tons to as high as 250000 or 300000 tons of coal. 
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E,xperience has demonstrated that there are at least 
three important factors worthy of consideration in 
planning a coal storage system, viz :-
1. Danger from fire by spontaneous combustion. 
2. Adaptability for operating conditions. 
3. Deterioration of the coal. 
1. Danger from Fire. 
When coal is stored in large quantities for a con-
siderable time there is always present the danger of 
fire caused by spontaneous combustion of the coal in 
the interior of the storage pile. The true cause of 
this spontaneous combustion is not definitely known, 
but H is probable that a slow oxidation occurs at a 
temperature considerably below the ignition tempera-
ture of the coal ; the effect of this slow oxidation being 
to gradually increase the temperature of the mass of 
coal until the ignition point js reached. The rapidity 
with which the dangerous temperature is reached is 
dependent upon several factors which are briefly con-
sidered below.* 
a. The Kind of Coal. Coals high in volatile mat-
ter deteriorate more rapidly and are more liable to 
ignite spontaneously than coals which have a low vola-
tile constituency. 
h. Presence of Inflammable Gas in Coal. Some 
coals contain inflammable gases which are liberated 
when the coal is broken up. These gases are probably 
the cause of many coal mine explosions. 
c. The Presence of S1ilphur Compounds. The ef-
fect of sulphur is obscure, but experiments seem to 
show that the presence of sulphur in the form of py-
rites tends to hasten the oxidation lea.ding to spontan-
eous combustion. 
*See "The \Veathering of Coal"-S. W. Parr, Bulletin No. 17, 
University of Illinois Engineering Experiment Station. 
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d. 1'he Size of Coal Fine coal and slack are 
more Uable to spontaneous combustion than lump coal. 
e. The Presence of Moistiire. The slow oxidation 
which precedes spontaneous combustion seems to be 
accelerated when moisture is present in the coal. 
f. The T em,perature of Storage. It is quite .evi-
dent that high temperatures should be avoided in coal 
storage. 
g. .Accessibility of Oxygen. A supply of oxygen 
tends to hasten the deterioration of the coal and in-
creases the liability of spontaneous combustion. 
2. Adaptability to Operating Conditions. 
If a system of coal storage is to be of the greatest 
value to the establishment which it serves, it must be 
conveniently arranged both for putting in a supply 
of coal and also for drawing from the stored coal for 
daily use. This is usually accomplished by a more 
or less complicated system of conveyors, industrial 
railways, traveling cranes with g~ab buckets, etc. 
3. Deterioration of Coal. 
It is quite evident that if coal oxidizes in storage 
to an extent great enough to cause a rise in temperature 
to the ignition point there must be a decided loss in its 
value as a fuel, and that the causes which increase 
the probability of spontaneous combustion are also 
the most important factors in the deterioration of the 
coal. 
COAL STORAGE SYSTEMS. 
Open Air Storage. 
A very large proportion of all the storage plants 
now in existence are merely yards where the coal is 
heaped up in great conical piles, containing, in some 
cases, as much as 50000 or 60000 tons of coal each. 
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The coal is handled to and from the piles by large 
travelling cranes and conveyors which are arranged 
to take the coa] directly from the car or barge to the 
pile, and vice versa. 
Besides these storage plants of great capacity 
whiGh have just been described, open air storage is 
almost universally employed by coal dealers and by a 
great many manufacturing establishments and power 
plants for the handling of their regular supply of fuel. 
Such systems have an undoubted advantage in 
their cheapness, flexibility and large capacity. They are 
only moderately liable to spontaneous combustion be-
cause the heat generated by the slow ·changes occur-
ing in the pile is for the most part radiated to the 
surrounding air. Arrangements are often made, how-
ever, whereby the temperature of the interior of the 
pile is determined by thermostats which are enclosed 
in pipes and thrust into the pile, thus giving warning 
of a dangerous rise in temperature. The piles are also 
sometimes arranged for removing the coal from the 
bottom, thereby reducing the liability of exce·ssive heat-
ing in the interior of the heap. 
In a system of this type, however, the coal is apt 
to deteriorate very rapidly. The exposure to rain, snow 
and wind, freezing and thawing, and various other 
climatic changes, causes the coal to break up, slack, 
and to lose a considerable proportion of its heating 
value. Statements have been made that the loss in 
calorific power · may be as high as 50% in a single 
year. This · estimate seems excessively high, and is 
probably applicable only in the case of coals that are 
quite unstable and very high in their volatile eonstit-
ueney. It is certain, however, that coal does deter-
iorate to a very marked extent when kept for any con-
siderable time in the open air. 
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Protected Storage. 
It has become quite customary for power plants 
to keep their coal supply in large overhead bins or 
pockets. The coal is carried from the car or barge 
by some form of endless chain conveyor and dumped 
into the bin from which it is delivered at the boilers 
by means of chutes extending down to the boiler room 
floor, or directly to the hoppers of the automatic 
stokers. 
Storage plants of this kind are rather expensive 
to install and are seldom made of very large capacity. 
They are, however, an extremely convenient means for 
handling the fuel supply and probably compensate for 
the extra cost in the amount of labor saved. 
The coal thus stored is not exposed to the weather, 
and should not deteriorate as rapidly as in the case 
of open air storage. The liability of spontaneous com-
bustion is not great because_ the rate of deterioration 
is rather slow and because the amount of coal stored 
is not extremely large and therefore does not remain 
in storage for a very long time. 
On shipboard, however, practically all other con-
siderations are limited by the necessity of economizing 
space. A:, a consequence, the coal is stored in enclosed 
bunkers wherever space is available, and . is handled 
to and from the bunkers in most cases by manual 
labor. 
'l1he danger of spontaneous combustion on ship-
board is grave. The coal is closely confined, often near 
the boiler room where the temperature is high, and 
there is no opportunity for the radiation of the heat 
generated; also, the coal is kept in storage in some 
cases for a considerable time. 
Several measures for reducing the danger from 
:fire have been suggested, among which may be men-
tioned the following :-
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1. Water pipes having holes closed by fusible 
plugs may be laid in the coal storage space, so that 
jf the temperature rises to a dangerous point, the plugs 
will melt and cause the bunker to be flooded. 
2. It has been suggested that only coal in large 
lumps be used on shipboard. The idea is rather ab-
surd, since the lumps would soon be broken up by the 
rolling of the ship. 
3. The coal bunkers could be hermeHcally sealed 
after filling with coal. This would prevent the access 
of a supply of oxygen and possibly reduce the tendency 
to slow oxidation. The idea does not take into ac-
count, however, the oxygen which may be contained 
in the coal. 
4. Heating the coal before loading into the ship 
to such an extent that all the volatile gases would 
he driven off would probably effectually prevent spon-
taneous combustion, but such a plan is impracticable 
because the heating value of the coal would be very 
greatly reduced. 
Of all these possible methods, the first one is the 
only really feasible plan, and it has been employed to 
some extent both in land and marine storage. The 
use of coals very low in volatile matter is probably 
the best solution of the question as far as marine prac-
tice is concerned. 
Subaqueous Storage. 
Within the last few years the practice of storing 
coal under water has received considerable attention. 
This method of coal storage probably had its origin 
jn the investigations by Mr. John Macauley, · General 
Manager of the Alexandria Docks and Railway, New-
port, Monmouthshire, England, with coal that had been 
submerged in sea water for periods of (1) two months, 
( 2) three years, ( 3) ten years, and ( 4) a sample which 
was removed from wreckage submerged an unknown 
length of time, but considerably more than ten years. 
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His results showed that there was practically no appre-
ciable change in the heating value of the coal, and he 
strongly advised subaqueous coal storage for general 
purposes, and especially for naval coaling stations. 
The principal advantages claimed for this method 
of storage are that there is obviously no danger of 
spontaneous ignition, and furthermore, no serious de-
terioration of the coal. This is probably because there 
is no oxygen available and also because the storage 
conditions are practically constant, i. e., there is no 
alternate heating and cooling, wetting and drying, etc. 
Coal storage plants have been built which put into 
practice the principles of under water storage. These 
consist of large reservoirs built of concrete and filled 
with water and arranged so that when a car load of 
coal is received the coal is dumped from an overhead 
track directly into the reservoir, and kept until needed. 
The coal is recovered for use by means of a locomotive 
crane carrying dredge or clam shell buckets. Such a 
plant is in successful operation at the Hawthorne 
V\7 orks of the -Western Eiectric Co. at Chicago. 
EXPERIMENTAL INVESTIGATIONS. 
The question of the storage of coal has been under 
investigation by experimenters for a good many years. 
Much of the work that has been done, however, is 
crude in method of procedure and the results obtained 
are different in almost every case. 
Within the last year a series of carefully executed 
experiments have been carried out by Prof. S. W. Parr 
and N. D. Hamilton at the University of Illinois Engi-
neering Experiment Station. These have been sum-
marized and published in a bulletin entitled "The 
Weathering of Coal, '' in which is also given a brief 
outline of the history of the study of coal deterioration. 
During the same time that the experiments men-
tioned above were in progress at the University of 
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Illinois, a similar series of experiments were under-
taken at the University of Missouri. These latter ex-
periments were not so wide in their scope as were the 
Illinois experiments since they were made upon hut 
one kind of coal. The c.oal was tested at more fre-
quent intervals, however, in an effort to determine the 
rate of deterioration. It is with the results of these 
tests that this bulletin is chiefly concerned. 
TESTS AT THE UNIVERSITY OF MISSOURI. 
The tests in question were undertaken as prelim-
inary to a larger investigation of the storage qualities 
of Missouri coals. The trials have been conducted 
under extremely adverse circumstances: a suitable room 
for careful and precise work has not been available 
and the heavy pressure of regular teaching duties has 
limited the time which could be devoted upon this work 
by those interested. However, it is believed that the 
results are reasonably correct and may be accepted 
as indicative of the storage qualities of the coal tested. 
The tests were confined to but a single kind of coal, 
a fair grade of bituminous coal from Sta1;1nton, Illi-
nois. The samples for testing were taken from a car-
load of coal as delivered at the University power plant. 
We do not know the exact age of the coal at the time 
of sampling, but the samples were taken from a fresh 
carload of coal and had probably been out of the mine 
a week or ten days. It is quite certain that the coal 
had not been above ground for as mucµ. as two weeks. 
A large sample of coal was taken from the pile 
and graded roughly according to size as follows : 
No. 1. Fine coal, which would pass a screen of 
about 1/2" mesh. 
No. 2. Medium coal, which would pass a screen 
of about 2" mesh but be retained on a 
screen of about 1" mesh. 
No. 3. Lump coal, lumps about 511 or 6" diameter. 
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A sample of each grade weighing about 120 pounds 
was obtained and each sample was divided into three 
parts of about 40 pounds each, thus making nine sam-
ples in all. 
It was planned to subject the coal to three condi-
tions of storage, viz:-
1. Exposed to outdoor weather, unprotected. 
2. Stored in a warm, dry room. 
3. Stored under water. 
One sample of each size of coal was placed in a 
sha11ow wooden box, so that the coal was about three 
inches deep. The three boxes were placed on the flat 
roof of the University power house where they were 
exposed to all climatic changes which occurred during 
the fall and winter, snow and rain, freezing, thawing, 
wind and sunshine. The bottoms of the boxes were 
slit so that no water would be retained in them to sub-
merge any of the coal. 
One sample of each size of coal was put in a 
similar box and stored in a warm basement room in 
the Engineering Building. These samples were ex-
posed to the ordinary temperature variations of the 
room, Le., from about 60° F. to about 72° F '., and were 
carefully protected from dust and direct sunshine. 
One sample of each kind of coal was placed in a 
galvanized iron bucket, covered with water and stored 
in the same room as the dry set of samples. Care was 
taken to insure complete submersion of the coal at all 
times by the occasional addition of small amounts of 
water to rep]ace_ that lost by evaporation. The water 
used for covering the coal was drawn from the mains 
of the University water works. It is obtained from a 
deep well. 
Tests were run at the beginning on each size of 
the coal to determine the heating value of the original 
coal, and for the later tests small samples were taken 
from each of the stored samples. Considerable care 
II 
was exercised in an effort to secure fair sampling of 
the various graded samples, but in spite of this care 
some of the tests seem to indicate that a fair sample 
was not obtained. These tests are so marked in the 
table of heating values. 
In the case of the two smaller grades a sample was 
taken by scooping- up the coal on a rather narrow 
shingle. The shingle was first passed along the center 
of the box, the coal that remained on the shingle being 
retained, and then, in the same way, repeated for each 
side of the box. The sample thus obtained was par-
tially ground in an iron mortar and a part of it placed 
immediately in wide mouthed four ounce bottles and 
tightly corked. The remainder of the sample was dis-
carded. rrhe samples of the lump coal were obtained 
by cracking off a small piece of each lump in 
the box, care being taken to break the coal at right 
angles to the plane of cleavage. An effort was 
made to keep the small pieces of approximately uniform 
size, about as large as a walnut. These small 
lumps were partially ground and placed in a corked 
bottle. It should be mentioned here that no 
iron grindings from the mortar were ever detected in 
the coal, although the samples were tested for iron 
particles on several occasions by the use of a strong 
magnet. The coal was kept in this partially . ground 
state until tested, when it was air dried for a few 
hours in the room in which the testing was being done 
and pulverized in a porcelain mortar to pass a 100 · 
mesh seive. r:I.1he longest period elapsing between samp~ 
ling and testing was a bout two weeks, in most cases 
the testing was :finished within a very few days after 
sampling. 
The sampling extended over a period of about four 
months, commencing October 14, 1907. During this 
time the coal exposed outdoors changed materially in 
its physical qualities. The original coal was of good 
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quality, fairly hard and sound. After being exposed 
to the weather for a short time the coal became cov-
ered with a white frost-like deposit. This increased 
noticeably as the time of exposure lengthened. The 
coal became very brittle, and lumps which had ap-
peared solid originally could be crushed in the hand 
after it had weathered for a few weeks. This condition 
progressed so far that the coal fell to pieces and become 
badly broken up within about three months. At the 
end of four months the lump sample had deteriorated 
to such an extent that it could no longer be called lump 
coal. The samples had all been drawn from to such 
an extent that fair sampling seemed no longer possi-
ble and the tests were stopped. It is thought that a 
longer period of exposure would indicate a further 
deterioration, and provision has been made for this in 
tests now under way. 
The submerged samples also appeared to lose some 
of their soundness hut not to an extent comparable 
with that experienced by the samples exposed out of 
doors. It was noticed that the coal could be broken 
up somewhat easier after submersion for a couple of 
months than was the case with the original coal. 
The samples stored dry did not seem to change at 
all in either appearance or hardness. 
These casual observations led at once to the con-
clusion that exposure to weather conditions increases 
to a marked extent the disintegration and deterioration 
of the coal. This fact has long been known, and the 
results of these experiments as given later will show 
this quantitatively. 
The coal was sampled every two weeks at the be-
ginning of the tests and later every three weeks. The 
samples were prepared, ground and dried as noted 
al)ove and then tested for heating value. All of the 
calorific power tests are reported in terms of B. t. u. 
per pound as sampled except that for convenience in 
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handling the coal was air dried in the room in which 
the tests were conducted. The moisture content when 
tested was about 51%. Several trials were made on 
each sample for purposes of checking. 
ln the tests for heating value a Parr Standard 
Calorimeter was used exclusively. A brief description 
of this instrument may not be out of place here. 
The Parr Calorimeter was invented by Prof. S. W. 
Parr, Professor of Applied Chemistry, University of 
IJlinois. It is an apparatus for determining th·e heat-
ing value of a fuel in which a known weight of the 
fuel is burned inside a gas tight bomb, the oxygen re-
quired for combustion being supplied by a mixture of 
chemicals rich in oxygen. The heat generated 
is measured by its effect on a known weight of water, 
and from the data thus obtained can be found 
the heating value of a pound of the coal. The following 
description is taken from the maker's catalog:-
'' Fig. 1 shows the cartridge in which is placed a 
weighed amount of coal. There is also placed 
in the cartridge a chemical compound* which is thor-
oughly mixed with the coal hy shaking. The cartridge 
is then placed in a measured quantity of water in the 
insulated calorimeter can A, shown in Fig. 2. The 
stirrer is set in motion, operated by a cord about the 
pulley P. After a constant temperature has been at-
tained ignition is effected by means of a small piece of 
iron wire heated electrically to incandescence ( see G, 
Fig. 1). 
The relative position of the parts is shown in Fig. 
2. The can A is filled with two liters of water. The 
combustion takes place within the cartridge D. 
The resulting heat is imparted to the water. The rise 
in temperature is indicated by the finely graduated 
thermometer T. Extraction of the heat is complete in 
*Sodium peroxide , together with a small amount of potassium car-
bonate, used as an accelerator, is placed with the coal to provide the 
oxygen necessary for combustion. 
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T 
Fig. I . 
from four to five minutes. The maximum reading of 
the thermometer is taken and the rise in temperature, 
multiplied by a simple factor* gives the heat in B. t. u. 
per pound of coal. '' 
It is necessary to correct the rise in temperature 
of the water for radiation losses, and also by variabJe 
eorrection faetors depending upon the composition of 
the coal. These are supplied by the makers of the ap-
paratus. 
A tabular view of the tests as run is shown below. 
AJl of the heating values given are averages of se:veral 
trials, at least two, and in most cases three or four. 
'"This factor is 3II7 if½ gm. of coal is used in the cartridge. 
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Date of Age 
Dry Storage Subaqueous Storage Exposed Storage 
Sampling Days 
I Medium I I Medium I I I Fine Lump Fine Lump Fine Medium Lump 
1907 
October 14 .. - -- -- IIl98 13020 13050 11298 r3020 13050 u298 13020 130.50 
October 2r.. - - - 7 10900 13160 12733 13358? 126S6 13434 10464 12471 12125 
November 4 . - . 2I 109S1 13087 12790 13300? 13 2 47 13403 9830 12338 12444 
November 19 .. 36 10152 1230s 12499 1094r 12966 13250 10707 rr598 1186o 
December 2 .. 49 10480 12053 u 89 r 12125 12187 13150 10615 1210.5 12000 
December 16 .. 63 108fir? 12 132 12718 122S1 13185 13278 84:p rr6z7 l 1906 
1908 
January 6. ..... 84 11 s s8? 13036 12484 10161 12468 12686 9939 10775 11336 
January 28 106 12234? 12172 12 593 I2000 12094 12655 9533 rr424 II894 
February 17 ... . I2S rr766? 12344 12203 II689 12031 128rr 8165 
I 
u580 11907 
Values marked ? are doubtful, generally on account of unsatisfactory sampl ing. 
These results are shown graphically in the curves 
of Calorific Power vs . Length of Storage, Figs. 3, 4, 
5 and G. In these curves the points were plotted from 
the values in the table above and successive points were 
then joined by the straight lines which are shown 
d_ashed in the figures. The heavy full lines are the 
results of an attempt to draw fair curves which could 
be taken as giving an indication of the general law 
which the deterioration follows. It is to be regretted 
that the points are as irregular as they appear here; 
this is probably part]y due to small errors of observa-
tion but much more to irregularity in sampling. An 
effort is being made to avoid a large part of the 
irregularity of sampling in the tests now in progress. 
It is to be expected that fine coal will deteriorate 
very r apidly when kept in the open air. This is con-
firmed by these tests and the rapidity with which de-
terioration progresses is shown in Fig. 3, curve C. The 
calorific power fell from an initial value of 11298 B. t. u. 
per pound to about 9000 B. t. u. in about 110 days, a 
loss of a ]ittle more than 20% in sixteen weeks. 
The results are similar for the medium and lump 
coal. The rates of deterioration for these samples are 
shown in Figs. 4 and 5·, curves C. In sixteen weeks 
the medium coal lost about 1530 B. t . u. from an initial 
value of 13020 B. t. u. pe1: pound, about 11.7%. In the 
same length of time the lump coal lost about 1250 B. t. 
u, from an initial value of 13050 B. t. u. per pound or 
about 9.6',7o. These figures indicate that coal in lumps 
deteriorates only about half as fast as fine coal. It is 
to be r emembered that the coal here called "lump coal" 
is not eommercial lump, but really smaller lumps, only 
about five or six inches in diameter. 
The coal which was kept indoors suffered a marked 
deterioration, but the loss· was very much s]ower than 
when stored in the open air. The rates of deterioration 
for the different sized samples are shown by curves B, 
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Figs. 3, 4 and 5. In the ease of the fine coal, Fig. 3, 
the tests were very unsatisfactory after the :first sixty 
days. It seems very improbable that the calorific power 
should arise rapidly as shown by the points on the 
broken line, and the smooth curve was extended be-
yond the sixty day line by extrapolation. This may 
be incorrect but it seems probable that such a curve 
will represent the true action of the coal rather than 
a curve rising abruptly from this point. 
The curves A, F'igs. 3, 4 and 5 represent the be-
havior of the coal stored under water. The rise at the 
beginning of ·each of these curves may possibly indi-
cate that some soluble impurities in the coal had been 
dissolved in the water. This could have been ascer-
tained had there been time available for carrying on a 
series of analyses of the coal; these should have proved 
very interesting but it was impossible to carry them 
out in these preliminary experiments; they have been 
provided for in the tests now in progress. After this 
rise at the beginning, the coal begins to lose calorific 
power at a rate that does not seem greatly different 
from that shown by the samples stored dry. 
The curves of Fig. 6 have been drawn to roughly 
compare the three systems of storage upon a coal com-
posed of equal parts of :fine, medium and lump coal, 
by averaging the heating value of the three grades 
of coal after having been stored for the same length 
of time and under the same conditions. The values 
used in forming the averages were taken from the 
smooth curves of Figs. 3, 4 and 5. 
The tests may be said to indicate that 
1. Coal deteriorates under all conditions of stor-
age. 
2. The deterioration is much greater for fine coal 
than for lump coal. 
3. Coal exposed to outdoor weather conditions 
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loses calorific power much more rapidly than protected 
coal. 
4. Subaqueous storage seems to possess an ad-
vantage over dry protected storage in that the begin-
ning of deterioration is delayed. This may be only an 
apparent advantage, since if a part of the impurities 
or non-combustible matter in the coal is dissolved by the 
water, the remaining coal may show a higher heating 
value than is found in coal stored in other ways per 
pound of stored coal, but not per pound of original 
coal. 
It should be noted that the experiments have been 
conducted with but small samples of coal. The results 
would probably be much different if large piles of coal 
could be studied and tested. For example, in the case 
of a large heap of coal exposed to out of door condi-
tions, it is probable that the surface of the pile would 
show a deterioration comparable with that indicated 
by the ,tests, but conditions in the interior of the pile 
are so greatly different that these tests could have but 
little value in estimating the behavior of the coal in the 
inner part of the pile. The same thing is true of dry 
protected storage, and, possibly to a considerably less 
extent, of subaqueous storage. 
FUTURE WORK. 
At the present time a series of tests are in progress 
upon some samples of Missouri coal. In these tests 
provision has been made for reducing the inaccuracies 
due to "unfair" sampling, and a record of the proxi-
mate analysis of each sample is being kept in order 
to show the changes occurring in the composition of 
the coal. The tests wilI extend over a period of from 
one and one-half to two years. 
Considerable difficulty has been encountered in 
collecting samples. The coal mining companies, with 
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but few exceptions, have not been inclined to offer any 
cooperation whatever:. 
The account of these experiments would not be 
complete without an expression of the appreciation for 
the services of men who have aided by suggestion and 
counsel. Our thanks are especially due to Prof. Her-
man Schlundt, Professor of Physical Chemistry, Uni-
versity of Missouri, for his interest as manifested by 
his numerous courtesies and his helpful suggestions in 
carrying out the experiments; and to Prof. H. B. Shaw, 
Dean of the Department of Engineering, University of 
Missouri, for his many valuable suggestions. The pub-
]ished bulletins of Prof. S. W. Parr, of the University 
of Il]inois, and the works of Kent, Poole, Gill, Kershaw 
and other s have been consulted freely. 
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